Abstract-First generation gas insulated switchgears were constructed with large safety margin. Today's trend is to reduce the size of the switchgears to save material and costs. With increased field strength due to reduced dimensions as well as increased pressure in the compartments, the influence of surface roughness, surface damages and conducting particles is increasing. Therefore the knowledge of the exact inception level of partial discharges due to those imperfections is of interest. The goal of the present contribution is to measure the discharge inception voltage in SF 6 in a homogeneous field configuration with a small protrusion with unprecedented high accuracy. With a short pulse X-ray source first electrons are provided within the critical volume. The experimental results show for a 0.2 MPa SF 6 insulation a threshold voltage of roughly 80 kV for positive and negative polarity at the protrusion, respectively. These inception voltages match the calculated theoretical inception level. The proposed method allows determining the inception voltage in a more efficient way as the experiment time is reduced.
I. INTRODUCTION
Gases are widely used as insulation material in high voltage technology because of their excellent properties such as low loss factors and fast recovery after breakdown. Today, mainly sulfur hexafluoride (SF 6 ) is used in high voltage applications because of its good insulation properties compared to other gases.
For the breakdown of gases two necessary conditions must be fulfilled: i) the field strength must exceed the critical field strength in some part of the volume and ii) a free electron within this critical volume must exist. In SF 6 first electrons are mainly provided by detachment from negative ions or by field emission from the cathode [1] . This is a statistical process. The time to first electron is described by the FowlerNordheim equation for negative polarity at the high field electrode [2, 3] and detachment of electrons from negative ions for positive polarity [4] , respectively. Both relations predict an exponentially increasing time to availability towards lower voltages. This means that the statistical time lag -the time between the voltage application and first discharge -can be long [1] . A lower boundary for discharge inception gives the dimensions of the critical volume. These must be sufficient to allow a free electron to develop to a streamer according to the streamer criterion [1] .
For certain combinations of electric field configuration and applied voltage form, the availability of the first electron is determining the occurrence of a discharge. Bujotzek et al. show an example of a protrusion stressed with a lightning impulse (see figure 6 of [5] ). In this case the appearance of an electron decides about a discharge for the technical relevant pressures between 0.35 MPa and 0.5 MPa.
The electric fields in gas insulated switchgears (GIS) are nearly homogeneous. Nevertheless, the surface has a certain roughness and during installation process the surface of the compartments can be damaged or small conducting particles can remain. This causes local field enhancements and can lead to partial discharges.
As today's gas insulated switchgears are more compact and as the dimensions will further decrease in the future [6] , the influence of field inhomogeneity due to small protrusions becomes more relevant. Therefore, it is of practical interest to know the exact inception level for such small protrusions. An experimental approach to study the minimum inception levels by extrapolation to infinite waiting times would be insufficiently accurate. The main goal of this contribution is to precisely determine the minimum inception fields for technical relevant geometries. This paper is structured as follows: In section II the experimental setup is described. A motivation for using short pulsed X-rays is given in section III. In sections IV and V the results are depicted and discussed. Chapter VI concludes the paper.
II. EXPERIMENTAL SETUP
The experimental setup provides a homogeneous electric field with a small protrusion to examine partial discharges and breakdown in gases. Fig. 1 depicts a schematic of the setup. The voltage circuit consists of a high voltage step-up transformer and a two stage Grainacher cascade for doubling and rectifying the voltage. This source charges the capacitor C 2 with up to 200 kV. Depending on the polarity of the diodes the applied voltage is positive or negative. With a pneumatic switch the voltage can be applied to the test vessel. The result is a step voltage without any overshoot and a time to full voltage between 400 ns and 800 ns (Fig. 2a) . During one series of measurements the voltage is either increased or decreased in 2 to 3 kV steps with 2 to 3 repetitions at each voltage level.
Inside the test vessel two plane aluminum electrodes (Ø 200 mm) with a gap distance of 15 mm are installed. In the bottom electrode a needle is placed, isolated from the plane electrode. The needle has a spherical top curvature with a 200 μm radius. The length of this protrusion above the plane electrode is 1 mm. The test vessel can be filled with a test gas with pressures up to 0.6 MPa. For the experimental investigation of the discharge inception, the compartment was filled with SF 6 to 0.2 MPa.
The discharge current is measured with a current probe (Pearson Model 2877, usable rise time: 2 ns, 3dB frequencies:
= 300 Hz, = 200 MHz). Additionally the light emission is detected with a photomultiplier (Hamamatsu H10721-110, spectral response: 230-700 nm, =0.57 ns), equipped with a converging lens, through a window (fused quartz) in the compartment.
The capacitive voltage divider consisting of the capacitances C 3 and C 4 monitors the applied voltage. All signals are recorded with a wideband oscilloscope (RTO1024, 2 GHz, 10 GS/s) running in sequence trigger mode. The frame length is set to 50 to 100 μs. The time between two frames is no longer than 300 ns.
Between two experiments a small voltage of about 10 kV AC is applied to remove remaining ions from the gas gap. An additional waiting time of five or six minutes is inserted to ensure statistical independence of subsequent experiments. The setup runs fully automatic.
For the initiation of the partial discharges a short pulse Xray source (XRS-3T, Golden Engineering, pulse width: 50 ns, dose/pulse: 2.8 mR at 30 cm distance) is installed inside the experiment. The X-ray tube is triggered by the rising edge of the applied voltage with a delay of up to 20 μs. Fig. 2 b, c) the first partial discharge occurs together with the X-ray pulse. Fig. 2 d and e show the signals with a naturally incepted discharge at 5 μs and an artificial (but small) peak in the photomultiplier signal due to the Xrays at the triggering instant.
Especially partial discharges during the closing transients can often hardly be identified in the current signal. In this case the photomultiplier is used for recognition (Fig. 2 e) and additionally for better discrimination of the temporal evolution of the discharges. Unfortunately the X-rays cause also an artificial pulse in the photomultiplier signal, as can be seen in Fig. 2 e. If no natural pulse occurred before the X-ray application, the decision whether a discharge incepted due to the Xrays has to be done by the current signal ( Fig. 2 b and c) . Therefore the trigger instant of the X-ray tube was adjusted to a point without transients in the current signal. The lowest voltage a current peak is recognized, determines the inception level.
III. X-RAY SOURCE As described above, it is of interest to determine the exact inception level of partial discharges in a given electrode configuration. As the natural production of first electrons due to detachment and field emission gives long statistical time lags in the voltage ranges of inception [1, 3, 4] , it is necessary to provide them artificially.
For artificial inception often illumination with ultraviolet light, e.g. mercury-vapor lamps, or γ-radiation is used [7, 8] . This method has two disadvantages: the high energetic radiation in the low UV-range cannot pass fused quartz. Therefore adequate ionization inside the gas compartment is not possible. The effect of radiation by UV light is normally caused by the release of electrons from the electrode material. Secondly, those lamps provide a permanent irradiation. This influences the composition of the charge carrier density in the gas continuously during the experiment. Additionally the bright light prohibits the use of a photomultiplier which would result in less information about the discharges.
Therefore we use a pulsed X-ray source. The source produces very short X-ray pulses in the range of 50 ns. With this method free electrons are provided directly within the critical volume [9] . Due to the short duration of the pulses the further development of discharges is not influenced. In addition, the radiation penetrates the aluminum shielding of the test vessel quite good [9] .
IV. RESULTS
Figs. 3 and 4 show the experimental results together with the results obtained from an experiment without X-ray application, as in [4] . The applied voltage during the X-ray experiments ranged from 40 kV to 140 kV and from 40 kV to 110 kV for positive and negative tip, respectively.
The results without X-ray radiation are depicted with star and plus symbols. Towards higher applied voltages they show the expected decreasing statistical time lag. Especially for the positive tip, the times to the first discharge are long for the lower voltage range. For both voltages the first observed discharges occur above the calculated inception level. For negative tip the results of two sets of measurements in macroscopic identical setups are shown. The statistical time lags of the second setup (plus symbols) are systematically shifted towards higher applied voltages. The experiments with positive tip and with X-rays for both polarities are performed with setup 1.
The results of the X-ray experiments are shown with circles and squares. The circles indicate partial discharges which appear at the instant of the X-ray pulses. The scattering of these points during the experiment with positive tip is caused by the transients due to the voltage rise which influenced the triggering unit of the X-ray tube. First discharges are recognized at 79.9 kV and 78.6 kV for positive and negative tip, respectively. The squares denote first partial discharges which appeared before the X-ray tube has been triggered (cf. Fig. 2 d, e). This means that the discharges incepted naturally. The inception voltage was determined by three individual series of experiments for each polarity with only small voltage steps in the expected region of inception.
The vertical line marks the theoretical inception level of partial discharges calculated with the streamer criterion ( = 359.3 Td [10], = 10.5 [11] , according to [10] ). The evaluation gives 70.8 kV for a protrusion of 1 mm and a tip radius of 200 μm in a homogeneous background field.
V. DISCUSSION
For the positive and negative tip the X-ray induced partial discharges start at voltage levels of 79.9 kV and 78.6 kV, respectively. The theoretical inception level for the ideal geometry is with a value of 70.8 kV below those voltages.
Small deviations in the exact geometry of the protrusion (length and tip radius) strongly affect the local electrical field in a small range ahead of the protrusion. The variation of the tip radius (175-250 μm) and the protrusion length (0.9-1.1 mm) gives a voltage level for streamer inception in the range of 61.8 kV (175 μm radius, 1.1 mm length) to 83.9 kV (250 μm radius, 0.9 mm length). The adjustment of the protrusion length can only be ensured within the range of ±100 μm. Due to partial discharges and breakdowns the geometry of the tip is influenced as well. The optical investigation of the tip after completion of the experiments suggests a flattened tip curvature and eventually a small decrease in the protrusion length which in turn would give rise to a higher streamer inception voltage. Further the resolution of the measurement setup could also influence the results. As discussed above, the inception voltage is determined by the occurrence of a peak in the current signal. These pulses can only be detected if the magnitude is above the noise level. This uncertainty is assumed to be in the range of 3 to 6 kV.
The number of electrons set free by the X-ray tube can be calculated as shown in [9] . The release of one electron by a pulse of 8.91 μSv (22 mm shielding, 350 mm distance) requires a volume of = 7.55•10 -14 m 3 . The extension of the critical volume at the inception voltage is = 66.5 μm (Fig.  5) . A lateral limitation of the critical volume is modeled by a spherical sector with a solid angle of Ω = 0.1 sr [4] . For the positive polarity, the electrons have to be generated at a distance to the electrode larger than the critical length (Fig. 5) . The additional distance required to form beyond the critical length results to =10.2 μm. Calculated with the lowest local field strength in the volume the drift length before attachment is = 1/ ≈ 5.3 μm [12] . Thus there is a probability less than 1 that the electron reaches the critical volume before attachment. At a voltage 2 kV above the inception level, the increased dimensions of the critical volume ensure an electron produced by the X-rays to fulfill the requirements for avalanche production. For the negative polarity there are two possibilities for generating a start electron: i) by ionization of the gas ahead of the electrode (Fig. 5) which requires a distance =17.3 μm to form (additional 10.4 kV would be needed to generate a streamer with an electron released at ) or ii) by surface interaction. The second process is assumed to be the dominating one. For both polarities the experimentally found levels for X-ray induced discharges are nearly the same. This, together with the calculations above, suggests that the X-ray pulses release sufficient start electrons. Overall, the influence of small variations of the protrusion geometry gives the strongest uncertainty and explains the deviation between the measured and calculated inception voltage.
The results for the positive tip show a clear effect of the artificial supply of free electrons. For natural discharges, the electrons have to be provided by detachment from negative ions in the gas volume, which results in long time lags in the lower voltage range. By introducing the X-ray source, the experimental inception limits can be tested within reasonable time.
At the negative tip electrons are mainly provided by field emission from the electrode. This gives a lower statistical time lag than the positive case for this geometry and pressure. Therefore the threshold for natural inception is already in the range of the theoretical inception level and the X-ray induced discharges start at roughly the same voltage. Three experiments without artificial start electrons show partial discharges below the threshold examined with X-ray application.
For both polarities the upper limit of the discharge time is determined by triggering the X-ray tube, which is 5 to 20 μs after the voltage rise of the applied voltage. For the positive tip above 135 kV and for the negative tip above 100 kV the X-ray triggering instant is in the range or above the statistical time lag of naturally incepted partial discharges. For these voltages naturally incepted discharges occur before X-ray application. Fig. 4 shows two different sets of measurements for the negative polarity acquired with two macroscopically identical setups. The systematic shift could probably be explained with a variation in the effective area due to differences in the exact geometry of the protrusion (tip radius, length) or surface variations of the tip (oxide layers, micro protrusions). The results of the Fowler-Nordheim equation [5] , plotted for a field enhancement factor of β = 125 and effective areas of 10 to 10 m 2 (Fig. 4) , support these assumptions. VI. CONCLUSION
With the described experiment the discharge inception voltages were investigated. A limit of 79.9 kV and 78.6 kV for positive and negative tip are found, respectively, if the start electrons are provided artificially. The values are within the expected range and the differences to the theoretical inception voltage are discussed. Thus, with the introduced method the inception level of partial discharges in a certain electrode configuration can be determined with high accuracy. Further this is an efficient method as it is not necessary to maintain the experiment conditions until a first electron is available and the experiments can be completed within reasonable time. 
